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We extend our investigation of the IR effects on the local dynamics of matter fields in 
quantum gravity Specifically we clarify how the IR effects depend on the change of the 
quantization scheme: different parametrization of the metric and the matter field redefinition. 
An arbitrary choice of the parametrization of the metric and the matter field redefinition 
do not preserve the Lorentz invariance of the local dynamics. As for the effect of different 
parametrization of the metric alone, the Lorentz symmetry breaking term can be eliminated 
by shifting the background metric. In contrast, we cannot compensate the matter field 
redefinition dependence by such a way. The Lorentz invariance can be retained only when 
we adopt the specific matter field redefinitions where all dimensionless couplings become 
scale invariant at the classical level. 
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1 Introduction 



In de Sitter (dS) space, the degrees of freedom at the super-horizon scale increase with cosmic 
expansion. This increase leads to the dS symmetry breaking term in the propagator of a 
massless and minimally coupled scalar field and gravitational field. The symmetry breaking 
term is a direct consequence of the scale invariant spectrum and depends logarithmically 
on the scale factor of the universe [TJ [2J E]- So in some field theoretic models in dS space, 
physical quantities become time dependent through the propagator. 

For a general scalar field theory, we need to fine-tune the mass term to obtain such infra-red 
(IR) effects. On the other hand, the gravitational field contains massless and minimally 
coupled modes without the fine-tuning. In this regard, the gravitational field is an attractive 
candidate which induces the IR effects. Since the product of the gravitational constant k 2 
and the Hubble constant H is small in most cases of physical interest: k 2 H 2 <C 1, the 
quantum effects from gravity seem to be suppressed by the coupling. However, they are 
associated with the growing time dependence as (k, 2 H 2 log a(t)) n , a(t) = e Ht at the n-loop 
level. It indicates that at late times, the IR effects may grow up to certain values which are 
not suppressed by the coupling. 

We have investigated soft gravitational effects on the local dynamics of matter fields at the 
sub-horizon scale [H [5] . Although we can not observe the super- horizon modes directly, it 
is possible that virtual gravitons of the super-horizon scale affect microscopic physics which 
are directly observable. These investigations have been performed mainly on the gauge in- 
troduced in [6j. We have shown that the IR effects respect the Lorentz invariance in scalar, 
Dirac and gauge field theories at the one-loop level. It indicates that soft gravitational effects 
on free field theories can be absorbed by wave function renormalization factors. In the inter- 
acting field theories with 4 , Yukawa and gauge couplings, the dimensionless couplings are 
dynamically screened by soft gravitons. Even when we deform the gauge fixing term slightly, 
the Lorenz invariance of the local dynamics is preserved. Although the time dependence of 
each coupling is gauge dependent, their relative scaling exponents are gauge invariant. 

In addition to the gauge dependence, the quantum gravitational effects depend on the 
parametrization scheme of the metric. In [TJ [8j [9], [10], soft gravitational effects on free 
field theories have been investigated in the same gauge, but in a different parametrization 
of the metric from ours. There is also a difference from ours in the choice of the matter 
field redefinition. Actually the results obtained in these paper do not coincide with ours. 
In particular, the IR effect on a free Dirac field breaks the Lorentz invariance. We show 
the discrepancy originates just from the choice of the parametrization of the metric and the 
matter field redefinition. 

Since we do not observe the breakdown of the Lorentz invariance in our quantization scheme, 
there should be a prescription to retain the Lorentz invariance in a different quantization 
scheme. There must be a reasoning to select which quantization scheme should be chosen 
for the description of physics. In order to answer these questions, we clarify how the IR 
effects on the local dynamics depend on the parametrization of the metric and the matter 
field redefinition. 

The organization of this paper is as follows. In Section 2, we quantize the gravitational field 
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on the dS background. We identify the graviton modes which induces the dS symmetry 
breaking. In Section 3, we clarify the parametrization dependence of soft gravitational 
effects on the dS background. Specifically, we derive the results obtained in [71 El El EE] by 
accounting the quantization scheme difference from ours jH [5] . The discussion in Section 4 is 
the main topic of this paper. Here we report the prescription to retain the Lorentz invariance 
and the reasoning to select a quantization scheme which is appropriate for the description 
of physics. We conclude with discussions in Section 5. 



2 Gravitational field in dS space 



In this section, we review the gravitational field in dS space. In the Poincare coordinate, the 
metric in dS space is 

d s 2 = -dt 2 + a 2 (t)dx 2 , a(t) = e m , (2.1) 

where the dimension of dS space is taken as D = 4 and H is the Hubble constant. In the 
conformally flat coordinate, 

(0Aw)dS = a 2 ( r )^ ; a ( r ) = —jj-- ( 2 - 2 ) 

Here the conformal time r (— oo < r < 0) is related to the cosmic time t as r = — jje~ Ht . 
We assume that dS space begins at an initial time U with a finite spacial extension. After a 
sufficient exponential expansion, the dS space is well described locally by the above metric 
irrespective of the spacial topology. 

In our previous studies [H E], we have adopted the following parametrization of the metric: 

9yv = n 2 (x)~g, u , n(x) = a{r)e^ x \ (2.3) 



det^ = -l, = Vwi^'Tu, (2-4) 

where k is defined by the Newton's constant G as k 2 = 16nG. To satisfy (|2.4)) . h^ u is taken 
to be traceless 

K = 0- (2-5) 

On the other hand, R.P. Woodard and his collaborators have adopted a different parametriza- 
tion in 00! 010]: 

9„u = a 2 (T)(ri^ + 2K<$>{x)r ]flv + kM^x)). (2.6) 

To facilitate the comparison with our parametrization fl2.3l) - fl2.5p . we have divided the fluc- 
tuation into the trace and traceless part 

n = °- (2- 7 ) 
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That is, w, hp V is equal to $, ^ ^ up to the linear order. The deference between these two 
parametrizations emerges in the non-linear order: 

kw = k<&- k 2 § 2 - — k 2 ^^^ + ■ ■ • , (2.8) 
16 
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In the next section, we clarify how the parametrization difference contributes to the local 
dynamics of matter fields. Before the discussion, let us derive the gravitational propagator. 
In order to fix the gauge with respect to general coordinate invariance, we adopt the following 
gauge fixing term [6]: 

Cgf = AfFpF\ (2.9) 
^ = d p h? - 2dpw + 2hfdp log a + Awdp log a. 

Note that in this paper, the lagrangian density is defined including \f—g and the Lorentz 
indexes are raised and lowered by if" and rj^ respectively. The corresponding ghost term 
at the quadratic level is 

£ g host = - a 2 d»V l { Vll pd u + rkpdp + 2^d p (loga)}6" (2.10) 
+ d^a 2 ¥){d v + Ad v i\oga)}b\ 

where 6 M is the ghost field and 6 M is the anti-ghost field. As far as we adopt the same gauge 

F» = dp^P - 2dp<$> + 2V;d p log a + 4$^ log a, (2.11) 
we have only to identify the field components to obtain the propagator in the parametrization 

(EZIlMO): 

w -)• $, V ->• V^. (2.12) 

In the parametrization f l2.3p - fl2.5p . the scalar density and the Ricci scalar are written as 

^j = tt 4 , R = VL- 2 R-m-' i g^ u V^d v VL, (2.13) 
where R is the Ricci scalar constructed from g^ 

R = -d,d v ~g^ - \r v ~g pa ~g aP dp~g pa d v ~g^ + ^g^d^d^p. (2.14) 
By substituting (12 . 1 3[) and using the partial integration, the gravitational Lagrangian is 

Cavity = \v=9 [R - 2A] = \ [ft 2 R + 6g^d^d v n - 6H 2 n A ] , (2.15) 
where A = 3H 2 . 
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From (12. 9p . ( I2.10p . (I2.14p and (I2.15p . the quadratic part of the total gravitational Lagrangian 
density is 

Quadratic = a 4 [ ^a~%Xd»X - -^a" 2 d Ji l - a^d^b* (2.16) 

+ -a^d^d^ + H 2 h 0i h 0i - -a^d^Yd^Y - H 2 Y 2 
+ a- 2 dj> d"b + 2H 2 b°b°] . 

Here we have decomposed h l p i,j — 1, ■ ■ ■ , 3 into the trace and traceless part 

h i j = h i j + \h\5^ = h*, + \h™V r (2.17) 
The action has been diagonalized by the following linear combination 

X = 2V3w - -^h 00 , Y = h 00 -2w. (2.18) 

The quadratic action (I2.16P contains two types of fields, massless and minimally coupled 
fields: X,h l j,b l ,b l and massless conformally coupled fields: h 0t ,b°,b , Y. We list the corre- 
sponding propagators as follows 



(X(x)X(x')) = -(ifiixMx')), (2.19) 

2 
3' 



(b\x)V(jf)) = 5 ij (if(xMx')}, 

(h oi (x)h oj (x')) = -8 ij ((j)(x)(j)(x')), (2.20) 
(Y(x)Y(x')) = ((f>(x)<f>(x')), 
(b°(x)b°(x')) = -(<j)(x)4>(x')). 



Here (p denotes a massless and minimally coupled scalar field and <fi denotes a massless 
conformally coupled scalar field 

(cp(xMx')) = |^{- - I logy + 1 log a(r)a(r') + 1 - 7 }, (2.21) 



MxMJ)) = ~, (2.22) 



where 7 is Euler's constant and y is the dS invariant distance 

y = Ax 2 /rr', Ax 2 = -(r - r') 2 + (x - x') 2 . (2.23) 
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The existence of the logarithmic term: log a(r)a(r') indicates that the propagator for a 
massless and minimally coupled scalar field breaks the dS symmetry. In particular, it breaks 
the scale invariance 

t -> Ct, x i Cx\ (2.24) 



To explain what causes the dS symmetry breaking, we recall the wave function for a massless 
and minimally coupled field 

Ht 1 

0p(x) = -=(1 - i— ) e -*^i«. (2.25) 

At the sub-horizon scale P = p/a(r) H <=>■ p\r\ 3> 1, this wave function approaches to 
that in Minkowski space up to a cosmic scale factor 

Ht 

On the other hand, the behavior at the super-horizon scale P <C H is 

p (x) ~ -jLe*". (2.27) 
V 2p d 

The IR behavior indicates that the corresponding propagator has a scale invariant spectrum. 
As a direct consequence of it, the propagator has a logarithmic divergence from the IR 
contributions in the infinite volume limit. 



pK x) ~ -I2_ e -^+'P- (2.26) 



To regularize the IR divergence, we introduce an IR cut-off Eq which fixes the minimum value 
of the comoving momentum. The minimum value of the physical momentum is £o/ a ( r ) as 
their wavelength is stretched by cosmic expansion. With this prescription, more degrees of 
freedom accumulate at the super-horizon scale with cosmic evolution. Due to this increase, 
the propagator acquires the growing time dependence which spoils the dS symmetry. In 
tribute to its origin, we call this type of dS symmetry breaking term the IR logarithm. 
Physically speaking, 1/eq is recognized as an initial size of universe when the exponential 
expansion starts. For simplicity, we set Eq = H in (12.211) . 

As there is explicit time dependence in the propagator, physical quantities can acquire time 
dependence through the quantum loop corrections. We call them the quantum IR effects 
in dS space. Focusing on the leading IR effects, we introduce an approximation. We can 
neglect conformally coupled modes of gravity since they do not induce the IR logarithm. 
Then, the following two modes are identified as 

h 00 ~ 2w ~ yl. (2.28) 

From (I2.19P and (I2.28j) . we have only to focus on the following propagators after retaining 
massless and minimally coupled modes from gravity 

(h 00 (x)h 00 (x')} ~ ~{<p(x)<p(af)), (2.29) 

(hPWhW)) * -^>(*M*')>, 

{h^{x)h\{x')) ~ (5% + 5\5 3 k - ~<f/ fe JM*Mx')>. 
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3 Quantization scheme dependence 



In this section, we clarify the quantization scheme dependence of soft gravitational effects 
on the dS background. Specifically, we investigate the IR effects on the local dynamics of 
matter fields at the sub-horizon scale which are directly observable. In investigating them, it 
is a non-trivial question whether soft gravitons preserve the Lorentz invariance of the local 
dynamics. To obtain the answer, we evaluate the IR effects on the kinetic terms of the 
minimally coupled scalar field 

C s = --V^gg^d^tp, (3.1) 

and the Dirac field 

C D = i^^e^V^, (3.2) 

where e fl a is the vierbein, V M is the covariant derivative and 7" is the gamma matrix 

7V + 7V = -2 V ab . (3.3) 

In the IR effects on a free Dirac field theory with a light mass have been investigated. 
Since we focus on the local dynamics at the sub-horizon scale, we do not consider the mass 
term in this paper. 

Let us consider the field redefinition by the conformal transformation. We should note that 
there is a difference of the matter field redefinition between [U [5] and [TJ El [10]. The 
following field redefinition is adopted in jH [5] : 

3 

(p = Qtp, ipQ = VL^ip. (3.4) 

The corresponding lagrangians are 

C s = -\r"d^d v <p a - V^lrU^K ( 3 - 5 ) 



£d = #07X^^0, (3.6) 



where e M „ is 



= (e-^Y a , (3.7) 
and V M |g pCT denotes the covariant derivative with respect to g pa . 

On the other hand, the following field redefinition is adopted in [3 El 13 [10] : 

<f) w = cup, xjj w = a^ip. (3.8) 

The corresponding lagrangians are 

C s = -\e 2KW r v d^ w d vVw - ~a-%{e 2KW g^d„a}<pl, (3.9) 
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C D = i^ w l a e^ w e^y^- J w . (3.10) 



First, we review the IR effects in the parametrization (]2.3p - (j2.5p . with the field redefinition 
(13. 4p . In investigating interacting field theories on a time dependent background like dS 
space, we need to adopt the Schwinger-Keldysh path [12, 13J 



C 

-co x > +oo , (3. 1 1 \ 



> — 






< — 


— X 


> 



oo poo 



dt = dt + — I dt_. 

C J —oo J —oo 

Since there are two time indices +, — in this path, the propagator has four components 

{<p + (*)<P+W) {<p+(x)<p-W)\ _ ((T<p(xMx>)) (<p(x>Mx))\ 
(<P-(x)<p+W) (<p-(x)<p-W)J {(if(xMx')} (ftp{x)<pV)))> {6Al} 

where (p denotes the quantum fluctuation of an arbitrary field component and T denotes the 
anti-time ordering. We divide the field component into the classical field and the quantum 
fluctuation 

ip — > (p + ip. (3.13) 

By ordering the quantum fluctuation along the path (13.111) . we can derive the effective 
equation of motion [13] 

L . . = 0. (3.14) 



5T[p + ,p. 
50+ 

Here T denotes the effective action. 

Up to the one-loop level, the effective equations of motion are written as 

d 2 p (x) + ±K%{((hw) + (x)(h;) + (x))d^ Q (x)} (3.15) 



+ d 4 x' c AB 9;{((/^^) + (x)(^) yl (x / ))(^(^ ) + (x)9;(^o)B(x , ))}^o(x , ) 

+ in 2 / d 4 x' c AB (d 2 w + (x)d' 2 w A (x'))((p ) + (x)((po) B (x'))(po(x') ~ 0, 



.K 2 



vfd^x) +i-{{h^ p ) + {x){h\) + {x)) 1 a d^) (3-16) 



K 2 



+ / d y CA ^{((^ a ) + (x)(^) A (a;'))7 a (^(^o) + (x)(^o)i J (a: / ))}7^o(x , ) * 0, 
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where c A b is identified as 



cab=(1 _ J. (3.17) 



In (I3.15P and f 1 3 . X 6 [) . we have neglected the terms which are sub-dominant at the sub-horizon 
scale: 

P > H adpcpo > (d^ajcpo, ad^o > (d^a)^. (3.18) 

The differentiated gravitational field can be neglected at the sub-horizon scale. Furthermore, 
we extract the IR effects associated with the time dependent logarithm log a(r). From ( I2.29p . 
the contributions from the four-point vertex are evaluated as 

^ 2 ^{((^) + (x)(V) + W)^o(x)} * ^loga(r){^ 2 + ^}^ (x), (3.19) 

k 2 k 2 H 2 3 13 

^((^) + W(^) + W)7 a ^o(x) ~ i_l og a(r){ - ^°d + (3-20) 

Note that the four-point vertex contributes only to the local dynamics. 

On the other hand, the three-point vertices lead to the local and non-local contributions. In 
order to extract the local dynamics with the IR logarithm, it is useful to keep the following 
points in mind. As for the classical fields, we need to expand them up to the following orders: 



<f (x') (1 - Ax a d a + -Ax a Ax^d a dp)(p (x), (3.21) 
Mx')->(l-Ax a d a )Mx). 



As for the quantum fluctuations, it is crucial that the IR logarithms come only from the 
propagator of a massless and minimally coupled field left intact by differential operators. 
To evaluate the integrals up to 0(loga(r)), we may extract the dS broken term in the 
propagator 

{<p (x)<p (x% (h^(x)h^(x)) -> |^loga(r)a(r'). (3.22) 
and move it out of the integrals: 

%K 2 dJ dV c A ^;{((^) + (a;)(^) A (a;0)(^(^o) + (a:)9;(^ o ) B (a;'))}^o(^) (3.23) 
~ m 2 ((^) + (x)(^) + (x))^ / dV c +A (d u ^ ) + (x)d'M^)A(x'))if (x'), 



ik 2 J (fx CAB(d 2 w + (x)d /2 w A {x'))({ipo)+{x){ipo)B{x'))0o{x') (3.24) 
iK 2 ((ip )+(x)((po) + (x)} / dV c +A (d 2 w + (x)d' 2 w A (x')}ip (x'), 
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.K 2 



i- J d 4 x> c^^((^J + (x)(/^g A (xO)7 a (^(^o) + (^)(^o) B (x'))}7Vo(a: , ) (3.25) 
* i^-((h» a ) + (x)(h\) + (x)) J dV c +A 7 a (^(^o) + (x)^(^ )A(a: / ))7^o(^)- 

This approximation method has been introduced in Yukawa theory and scalar QED [T5J 
[T6l [T7] . The dS invariant terms which we have neglected in ( 13. 22ft seem to induce the IR 
logarithms after the time integration 

T dr' 

(3-26) 

r 

However we should note that the validity of the expansion ( I3.2ip gives the constraint: 

\Ax a d' a \ < 1. (3.27) 

Except for the forward scattering, the constraint is reduced to the following lower bound 
after the spatial integration 

At < 1/p. (3.28) 

Here p indicates a scale of external comoving momentum. The lower bound of the integral 
is given not by the initial time but by the comoving momentum scale 

T dr' 

— = log(-pr). (3.29) 

i/p r 

For the forward scattering, the constraint (I3.27P is automatically satisfied after the spatial 
integration 

Ax a d' a = -i(Ar - Ar)p = 0. (3.30) 

Then it does not lead to the lower bound ( 13.28D . We have found that the leading IR effects 
from the forward scattering are canceled between the real and virtual processes in dS space 
|18j . The investigation has been performed in ip 3 , ip 4 theories. But we can argue that 
the cancellation takes place in any unitary model as the total spectral weight is preserved. 
Specifically, the lower bound of the integral is given by the energy resolution Ae of the 
observation 

r dr' 

At < 1/Ae / — = log(-Aer). (3.31) 

J-l/Ae T ' 

As seen in (I3.29P and (I3.3ip . these integrals preserve the dS symmetry. In other words, these 
logarithms are time independent when they are expressed by the physical momentum scales 
P = —pHr, AE = —AeHt. That is why we have neglected them. 

As stated in (I3.18p . we focus on the coefficients of dd0 o (x), dip (x). In the remaining 
integrals, the twice differentiated propagators contribute to the local terms as follows 

d^d u -\ > -4i7r WV 4) 0£ " x). (3.32) 

L\X j — i — 
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So to investigate the local dynamics, we have only to focus on the most singular parts of the 
propagators 

(4>o(x)(f> (x')) = ^2^2' (^oO^otV)) = iYd P (M x )M x ')), ( 3 - 33 ) 
11 1 H 2 1 

From (I3.2ip and ( 13 .331) . the remaining integrals are evaluated as 

id^ J d A x' c +A (d u & o ) + (x)d' p d'^ o ) A (x'))0 o (x') (3.34) 

-> { 8*8 v °d p d a + W 9 " 9 * + W 9 A + + W-^p + S p %%d v 

- 2(S lt \ 5 p °d o + i/WSp + 6°S p %°d v + 5 u °5 p %°d,)d 

i [ d A x c +A (d 2 w + (x)d' 2 w A (x'))fi (x') -> ir 2 (r)<9 2 ^ (£), (3.35) 



i J d A x' c +A 7 fl {^(^) + (^)9:(^)A(i')>7Vo(x') (3.36) 
»7V7*{ - ( W-» P + S°5 p °d u + S v \%) + 25°5 v °5 p °d }Mx). 

For more details of the derivation, please refer to jl]. From ( I2.29p . (13.23j) - (13.25p and (13 .341) - 
(13.361) . the local terms from the three-point vertices are evaluated up to 0(loga(r)) as follows 

zk 2 8, [ dV c AB & a {{{hn+{x){h^) A {x')) (d„( Vo ) + (x)d' p (<p )B(x')}}Mx') (3-37) 



in 2 \ tfV c A B{d 2 w + (x)d' 2 w A (x')}((ipo) + (x)(ipo) B (x')}0o(x') (3.38) 



k 2 H 2 1 
->■ -^r^gaW x gd 2 o (x), 



.k 2 



i- J dV c AB ^{((^J + (a;)(^ A (xO)7 a A(^o) + (a:)(^o) B (x / ))}7^o(a: / ) (3.39) 
k 2 H 2 3 5 



From fl3.19p - fl3.2Qp and fl3.37p ~ f13.39p . the effective equations of motion up to the one-loop 
level are 

{d 2 + l^hga(r)d 2 }Mx) * 0, (3.40) 
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i{l^d, + ^^\oga{r)^d,}Mx) ~0. (3.41) 

In (13.401) and (I3.4ip . the relative weights between the time derivative terms and the spatial 
derivative terms are equal to 1. In this regard, the total of the IR effects preserve the Lorentz 
invar iance while the IR effect from each diagram does not always preserve it. We do not find 
the breakdown of the Lorentz invariance in our quantization scheme. The final IR effects 
can be absorbed by the wave function renormalization factors 

1 k 2 H 2 

(p -»> Z v ip , ~ 1- log o(t), (3.42) 

3 k 2 H 2 

ip ^ Z^o, ~1 - —^-^ log a(r). (3.43) 

Note that we can neglect the derivative of log a{r) at the sub-horizon scale. After the 
wave function renormalization, the effects of soft gravitons to the free scalar and Dirac field 
theories vanish. 

Next, let us translate (I3.40p . (I3.4ip into the quantum equations in the parametrization 
( I2.6p - (I2.7I) . with the field redefinition (I3.8p . The parametrization difference of the metric 
(12. 8p contributes only to the tadpole diagrams at the one-loop level: 

A(Sr/80)\ metTic = -^{((hn + (x))Ud u o (x)}, (3.44) 

A(<5l7#)| metric = -^((^J + (a;))| NL 7 a ^o(x), (3.45) 
where k(/^(o;))|nl is identified as 

«(V(^))Inl = -2K 2 mx)V^(x)} - ^k 2 (^;(x)^ pi/ (x)) + ^ 2 (^ CT (x)^(x)>r^. (3.46) 
From (I2.12P and (12. 29p . these differences are evaluated as 

A(5r/#)| metric ~ ^ log a(r){^d 2 + \d 2 }0 o (x), (3.47) 
A(5r/^)| metric ~ *^l og a(r){ - jj 7 °«9 + ^%}i> {x). (3.48) 

In addition to them, the matter field redefinition yj — > <p w -> ipo — > ipw does not only relabel 
the matter fields but contributes to the quantum equations as: 

A(5r/^)| ficld (3.49) 

= d„{ (2 K (w + (x))Urr + 2k 2 (w + (x)w + (x)W - 2K 2 {w + {x){h^) + {x)))d^ w {x)} 

+ in 2 d,j d A x' c AB 9;{(4( W+ (x)^(x , ))^^ CT - 2{w + {x){h^) A {x'))^ v 

-2((^) + (x)«; A (x / ))^)(^(^) + (x)9;(^) i3 (x'))}^(x / ) 

-m 2 / d 4 x' c A B{d 2 w+(x)d' 2 WA(x')}(((p w ) + (x)((p w ) B (x')}ip w (x'), 
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A(5r/^)| field (3.50) 
2(3 K ( W+ (x))| NL ^ a + -K 2 (w + (x)w + (x))r)» a - -« 2 («; + (x)(^ a ) + (x)))7 a ^ w (x) 

+ lK 2 d^J dV CAB& u {(?{w + (x)w A (a/))7]' t a 7l'' b - ^{ W+ (x){h\) A (x'))^ a 

-^((^J + (x)^(xO}^)T a (^(^) + (^)(^) B (^)}T 6 4(^)> 



k(w(x))\ nl = -k\&{x)) - -K 2 (^ pa (x)^(x)). (3.51) 



where k(m;(x))|nl originates in the parametrization difference of the metric ( 12. 8ft 

1 

16 

The last line of ( I3.49P denotes the elimination of (I3.38j) from A3. 15[) . In a similar way to ( 13. 37ft - 
(13.39p . we can evaluate each term of ( 13. 49ft and ( 13.50(1 . By summing them, the contributions 
from the different field redefinition manifest as 

A(5T/^)| fleld ~ ^log a(r){ - \dl - \d 2 }0 w {x), (3.52) 

A(5r/^)| ficld ~ log a(r){ ^j°d - (3-53) 

See Appendix [A] for detailed calculations. 

From Q33QJ-@3D, 0327D-([33HD and fl332]) -( l333|l . the effective equations of motion are 
translated as 

k 2 H 2 

i d2 + ' -j^r^ga{r)d 2 }(p w {x) ~0, (3.54) 

*{Yd, - i^loga(r) 7 i ft}^(a;) ~ 0. (3.55) 

The result (13.541) is consistent with the cancellation of the IR logarithms shown in [7J. 
Although (I3.55P does not correspond with the result obtained in |9j [10] , we should note that 
the authors of these papers focus on the dynamics at the super-horizon scale. By focusing 
on the dynamics at the sub-horizon scale, we can derive (13.551) from Eq. (229) in [8]. 

The equation (13.55)) breaks the Lorentz invariance. Since we have shown that the Lorentz 
invariance holds in our original quantization scheme, there should be a prescription to retain 
the Lorentz invariance in a different quantization scheme. There must be a reasoning to select 
which quantization scheme should be chosen for the description of physics. We address these 
questions in the next section. 



4 Prescription to retain the Lorentz invariance 



In investigating how to retain the Lorentz invariance, we deal with the different parametriza- 
tion of the metric and the matter field redefinition separately. First, let us consider the 
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Lorentz symmetry violations due to the different parametrization of the metric. We should 
remember that the parametrization dependence of the metric emerges only in the tadpole 
diagrams (13.44)) . (I3.45p . So we can compensate them by introducing the classical expectation 
value of the background metric. Note that the gravitational action is stationary with this 
shift. 



kv, v = -k(V>|nl * loga(r){^;C + l( Vlw + 5^%°)}. (4.2) 

At least at the one-loop level, the compensation by shifting the background metric is available 
not only for the difference between fl2.3p - fl2.5l) and (12.60 - 02. 7p . but also for an arbitrary 
difference of the parametrization of the metric. It is because the difference at the non-linear 
level emerges only in the tadpole diagrams at the one-loop order. 

Next, we consider the Lorentz symmetry violation due to the matter field redefinition. Of 
the diagrams which contribute to (13.49)) and (13.501) . the following ones break the Lorentz 
symmetry: 

d,{ - 2K 2 (w + (x)(hn + (x))du0M] (4-3) 
+ i K %J d 4 x' c AB d' a {(- 2{w + (x)(h^) A (x'))rj^ - 2{{h^) + {x)w A {x'M°) 

x (d u ((p w ) + (x)d' p ((p w ) B (x')}}(f w (x') 
k 2 H 2 3 1 



- iL 2 (w + (x)(h^) + (x))j a d^ w (x) (4.4) 

+ iK%J dV C AB dl{{- ^( W+ (x)(h\) A (x')}^ a - ^((h» a ) + (x)w A (x')) V » b ) 

k 2 H 2 9 3 

-> i ^r l °s a ^){^° d o - -7^}^(x). 

See Appendix |A] for more details. Unlike the Lorentz symmetry violations due to the differ- 
ent parametrization of the metric, we can not compensate them altogether by shifting the 
background metric. 

In order to clarify the field redefinition dependence, we introduce parameters a s , as 
follows 

<p aa = ae^ KW <p, ^ D =a f e^ Ku y>. (4.5) 
The corresponding lagrangians are 

C s = -\e a ^ w r u d^ aa d u ^ as ~ l(ae^ KW )-%{e a ° Kw r u d u (ae^ w )}^ 2 aa , (4.6) 
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C D = t^ aD re aDKW e» a V,\ hDKW VW (4.7) 

The matter field redefinition ( 13. 4 p corresponds with 

a s = a D = 0, (4.8) 

and ( 13. 8 P corresponds with 

a s = 2, a D = 3. (4.9) 

By the matter field redefinition <p Q — > (p as , tp — > i/) aD , the Lorentz invariance is broken by 
the following contributions 

<9 M { - a s K 2 (w + {x){h^) + {x))d v (p as {x)} (4.10) 

+ i K % J dV c AB d' a {( - a s {w + {x){h^) A {x'))^ - a s ((h^) + (^A^'))v pr7 ) 

x (d v (v as ) + (x)d' p (v as ) B (x'))}$ as (x r ) 
k 2 H 2 3 1 

- i-a D K 2 {w + {x){h^ a ) + {x))^ a d^ aD {x) (4.11) 
+ ik 2 0,J dV c AB d' u {{- ^-{w + {x){h\) A {x'M a - ^{(h\) + (x)w A (x'M b ) 

X 7°(^ (lpa D ) + (x) {$ aj} ) B {x'))} l h ^ aD (x') 

k 2 H 2 3 1 

These violations can be compensated together by shifting of the background metric only 
when 

a s = an = a. (4-12) 
In this case, including ( I4.2p . the classical expectation value of metric is identified as 

K 2 H 2 , _ r 3, n ,n 1 



KV 



>»- 4tt 2 



■loga(r){^V + ^ + W)} (4.13) 
+ ^ loga(r) x a{ - 3 -5°5° - \{ V , V + S°S V )}. 

As seen in (14.81) and (I4.9p . the matter field redefinition (13 .4p belongs to the Lorentz invariant 
cases (I4.12p while ( 13.81) does not. Furthermore, we claim that the matter field redefinition 
(13. 4p is the natural choice for the description of physics. To show our reasoning, let us 
consider the following self-interaction with the dimensionless couplings: 

A4 . — 4 



£ 4 = -^y/^gtp , C Y = -XyV^gynH*- (4.14) 
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In any case other than (13. 4p . these dimensionless couplings are scale dependent even at the 
classical level 

A = -e 2w ^X ? Cy = -e^ + ^ w \ YVa J aD ^ aD . (4.15) 

Furthermore the kinetic terms (14. 6p . (14 .7p are not of canonical form. A sensible setting is 
that dimensionless couplings are scale dependent only when we consider quantum corrections 
to them. The choice of the matter field redefinition (13 .4p is a unique way to satisfy such a 
requirement. Once we adopt this scheme, the remaining parametrization dependence of the 
metric can be eliminated by shifting the background metric (14.11) . In this way, we can obtain 
the results which preserve the Lorentz invariance. We point out that they do not depend on 
the parametrization of the metric. 



5 Conclusion 



The gravitational field on the dS background contains the scale invariant spectrum which is 
dominant at the super-horizon scale. The existence of the scale invariant spectrum indicates 
the sensitivity for a size of the universe. That is, the exponential expansion leads to the dS 
symmetry breaking term in the corresponding propagator. 

In the previous works jU [5], we have investigated soft gravitational effects on the local 
dynamics of matter fields at the one-loop level. There, we have adopted the gauge fixing 
term (12. 9p . the parametrization of the metric (I2.3p -( )231) and the matter field redefinition 
(13. 4p . In these settings, the Lorentz invariance of scalar, Dirac and gauge field theories is 
preserved and the couplings of 4 , Yukawa and gauge interactions are dynamically screened 
by soft gravitons. The preservation of the Lorentz invariance is true even when we deform the 
gauge fixing term slightly. Furthermore the time evolutions of these couplings are physical 
as their relative scaling exponents are gauge invariant. 

We extend our investigation of the IR effects on the local dynamics of matter fields in this 
paper. Specifically, we have clarified how the IR effects are depend on the quantization 
scheme: parametrization of the metric and the matter field redefinition. An arbitrary choice 
of the parametrization of the metric and the matter field redefinition do not allow the Lorentz 
invariance of the local dynamics. As for the parametrization dependence of the metric, we 
have shown that the Lorentz symmetry breaking term can be eliminated by shifting the 
background metric. 

In contrast, we can not compensate the field redefinition dependence by the shift of the 
background metric. We have found that the Lorentz invariance can be retained only when we 
adopt the matter field redefinitions (I4.12p . Our choice in the previous works H3.4I) belongs to 
this case. In particular, we claim that our choice is the most preferable to describe physics. It 
is because only when we adopt the matter field redefinition (13. 4p , all dimensionless couplings 
of self-interactions become scale independent at the classical level. 

By selecting this matter field redefinition and shifting the background metric, the IR effects 
on the kinetic terms are equal to our results in the previous works [U |5]. That is, the 
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IR effects on the kinetic terms preserve the Lorentz invariance and can be absorbed by 
the wave function renormalization factors. Also for the IR effects on the dimensionless 
couplings, we can obtain the same results in the previous works. It is because the shift of 
the background metric contributes only to the tadpole diagrams at the one-loop level and 
we have only to consider soft gravitons running between the vertices except for the wave 
function renormalization factors. 

We should emphasize that our investigations in this paper and the previous works are up to 
the one-loop level. It is a non-trivial question whether the Lorentz invariance of the local 
dynamics and the gauge invariance of the scaling exponents of the effective couplings hold 
at higher loop levels. In particular, the shift of the background metric contributes not only 
to the tadpole diagrams but other types of diagrams at higher loop levels. In addition, we 
have not investigated the gauge dependences of the IR effects against large deformations of 
the gauge fixing term (12. 9p . The investigations of the IR effects in these regions are open 
issues. 
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A Local terms with IR logarithms from (13.491) . (13.501) 



In this appendix, we list the local contribution which comes from each term of f)3.49p and 
(I3.50p . In a similar way to (I3.37p -f l3.39p . the following local terms are extracted up to 
0(\og o(r)): 



k 2 H 2 3 
d fl {2K(w + (x))\ NL r]' lu d l/ w (x)} ~ -^-loga(r) x --d 2 (p w {x), 



(A.l) 



d ll {2K 2 {w + {x)w + {x))rTd v <p w {x)} 



K 2 H 2 



log a(r) x --d 2 <p w (x), (A.2) 



d,{ -2K 2 {w + {x){hn + {x))d^ w {x)} ~ ^lloga(r){^d 2 + ^d 2 }0 w (x), (A.3) 



k 2 H 2 3 
-> -^- lo S a ( r ) x -^d 2 (p w (x), 
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iK 2 d, I dV c AB 9;{(-2(«; + (x)(^) A (x'))^-2((^) + (x)«; A (x / ))^ CT ) 
x {d u ((p w ) + (x)d' p (<p w ) B (x')}}ip w (x') 



^^\oga{r){-\dl-\d^ w {x\ 



4tt 2 



(A.5) 



-m 2 / dV c AB {d 2 w + {x)d' 2 w A {x'))({<p w ) + {x)(<p w ) B {x'))0 w {x') (A. 6) 



-> ^- lo s a ( r ) x -g^^O), 



k 2 # 2 9 



(A.7) 



9 <• k 2 H 2 27 

^^(^z)™^^))^"^^) ~ i^-^loga(r) x -— 7 ^^(x), (A.8) 



-^ 2 ( W+ (x)(^ a ) + (x)) 7 a ^(x) ~ z^!log a(r){ - ^ 7 °d + l 7 ^}^(x), (A.9) 



m 2 ^ y d A x' c^^{9( W+ (x)^(xO)r/^ 7 a (^(^) + (x)(^)B(xO)}7^(^) (A.10) 
m 2 d,j dV c AB d' u {{- \(w + {xW b ) A {x>))if a - ~((h» a ) + (x)w A (x'))r)" b ) (A.ll) 

xf(^(i) + (x)(i)^'))} 7 i(^) 

k 2 H 2 9 3 . * 



By s ummin g up flA~Tl)-f lA~TTl) . we can derive ([3321 and (EHj). Note that ([Oil . CO) . flA~9l) 
and (lA.llj) do not preserve the Lorentz invariance. 
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